Precise resolution of the timing of igneous activity is crucial to understanding the dynamic processes associated with continental rifting. Mafic intrusive rocks constitute a major portion of the exposed 1100 Ma (Keweenawan) Midcontinent Rift system in northeastern Minnesota; however, prior to this study, geochronological data were insufficient to allow rigorous interpretation of intrusive histories and their relationships to extrusive suites. Eight anorthositic and gabbroic intrusives were chosen to represent both the temporal and spatial ranges of plutonic activity that formed the Duluth Complex and related mafic intrusions. U-Pb isotopic analyses from zircons and baddeleyites result in U-Pb concordant ages with little or no ambiguity introduced by inherited components, Pb loss or common Pb. The earliest Keweenawan plutonism exposed in Minnesota occurs along the northeastern flank of the Duluth Complex as a series of layered gabbros (Nathan's layered series) emplaced at 1106.9 +-0.6 Ma. This sequence of gabbro sheets shares temporal, spatial, and compositional similarities with the nearby Logan sills in Ontario. Four Duluth Complex anorthositic and troctolitic series samples from widely separated areas have unresolvable ages between 1099.3 +_ 0.3 and 1098.6 +-0.5 Ma, indicating a very short duration for peak intrusive activity (0.5-1 m.y.). The unresolvable ages between anorthositic and troctolitic plutons suggest that these two magma series are more closely related than previously modeled and argue strongly for the need to reexamine their fundamental petrogenetic relationships. These dates also imply that the major reverse-to-normal magnetic polarity switch, used throughout the rift system as an important correlation tool, occurred prior to 1099 Ma. This date is several million years earlier than previously suspected and emphasizes the need for further paleomagnetic and geochronological data from the overlying volcanics. Much of the hypabyssal intrusive suite within the volcanic pile overlying Duluth Complex plutons may be significantly younger than the main pulse of plutonic activity. Two hypabyssal bodies, the Sonju Lake intrusion and gabbro at Silver Bay, were emplaced at 1096.1 +-0.8 Ma and 1095.8 +-1.2 Ma, respectively. Dates reported here and in previous studies support the concept of episodic tectonomagmatic rift development where magmatism was apparently concentrated in episodes of short duration (<1-3 m.y.) interspersed with longer hiatuses (2-8 m.y.).
INTRODUCTION
The ability to resolve crystallization ages within sequences of closely associated igneous rocks is an important tool contributing to an understanding of the physical and tectonic evolution of magmatic terranes. The need for precise geochronological control (+_ 1 m.y.)within Phanerozoic flood basalt provinces has proven to be particularly critical due to the large volumes of volcanic rocks that accumulated over very short time spans in settings related to major continental breakup [Duncan and Pyle, 1988 Renne and Basu, 1991] . However, development of a comprehensive four-dimensional framework that integrates intrusive and extrusive magmatism in these relatively young extensional terranes is difficult because the deeper portions of such provinces, including the associated plutonic lithologies, are rarely exposed.
In contrast, the more deeply incised Middle Proterozoic -•f I I Scale I I In this paper, we present new high-precision U-Pb isotopic ages for zircon and baddeleyite from anorthositic and gabbroic rocks within the Duluth Complex. The new dates establish a precise chronology for this voluminous intrusive suite within a well-defined Keweenawan framework and also indicate that the duration of much of the plutonic activity spanned a remarkably short time. The chronological data presented here challenge current petrogenetic concepts and emphasize the need to reexamine models of anorthosite and troctolite/gabbro magma genesis, as well as the physical mechanisms resulting in synchronous emplacement of crystal-rich and crystal-poor plutons. These ages also provide further constraints and insights on interpretations of Keweenawan paleomagnetic data and on models of tectonomagmatic rift development.
CHRONOSTRATIGRAPHY OF KEWEENAWAN IGNEOUS ROCKS
Until recently, correlations of volcanic and plutonic rock sequences exposed around the flanks of the Lake Superior basin have been based largely on a model of a single, major reverse-to-normal paleomagnetic reversal (Figure 2 ) [Palmer, 1970; Green, , 1977 Books, 1972] . Use of paleomagnetic polarity is locally complicated by the discovery of additional reversals in the Mamainse Point sequence in eastern Lake Superior [Palmer, 1970; Klewin and Berg, 1990] and in the lower part of the Powder Mill Group [Books, 1972] , although the effects of secondary thermal remagnetization in these areas have not been rigorously assessed [Palmer and Halls, 1986] were from a suite of volcanic and intrusive rocks from the western Lake Superior region, which yielded identical 1110 Ma ages with 10-m.y. uncertainties [Silver and Green, 1972] . Results from several recent high-precision U-Pb studies (Table 1) Stratigraphically higher tholeiitic flood basalts exhibiting normal magnetic polarity constitute the bulk of the exposed Midcontinent Rift volcanics and were erupted over a shorter period of time between about 1097 and 1094 Ma [Davis and Paces, 1990] . Seismic reflection profiles from the western Lake Superior area show that these younger, low-viscosity, normal-magnetic polarity lava flows were deposited in broad asymmetric grabens that accumulated to thicknesses at least as great as 10 km [Cannon et al., 1989] . Shortly after 1094 Ma, voluminous olivine tholeiite magma production and rapid tectonic subsidence ceased, although sedimentary infilling of thermally subsiding rift basins continued [Davis and Paces, 1990 ]. The youngest rift-related volcanic activity occurred as small, isolated volcanic complexes within the overlying rift-filling clastics [Palmer and Davis, 1987; Davis and Paces, 1990 ].
INTRUSIVE STRATIGRAPHY OF THE DULUTH COMPLEX AND RELATED INTRUSIONS
In spite of the abundance of precise dates available for the volcanics, similarly detailed geochronological control for associated plutonic rocks is not available. By far the most voluminous of the exposed Midcontinent Rift plutonic bodies are the Duluth Complex and related intrusions which cover over 5000 km 2 in northeastern Minnesota [Phinney, 1972a; Weiblen and Morey, 1980; Weiblen, 1982] . The Duluth Complex is a large, composite, mafic intrusive suite emplaced into the basal section of associated flood basalts (North Shore Volcanic Group) at shallow (<7 (Figure 3) , termed Nathan's layered series [Nathan, 1969] . Because of its crosscutting field relationships and unique reverse-magnetic polarity, this intrusive sequence has been regarded as a separate, early magmatic episode which predates the adjacent Duluth Complex lithologies [Phinney, 1972b; Weiblen et al., 1972; Weiblen and Morey, 1980] . The evolved compositions of these intrusive rocks suggest that they may be similar in age and origin to the nearby Logan sills [Weiblen et al., 1972] .
The bulk of the Duluth Complex consists of a wide range of mafic rock types, including gabbroic to troctolitic anorthosite, troctolite, gabbro, and ferrodiorite, which typically display cumulate textures and exhibit normal-magnetic polarity (Figure 3) . Since the work of Taylor [1964] in the Duluth area, these mafic rocks have been divided into two major suites, termed the anorthositic and troctolitic series [Bonnichsen, 1972; Weiblen and Morey, 1980] , on the basis of lithology, internal structure, and intrusive stratigraphy. The anorthositic series occupies the highest structural levels within the complex as structurally complicated intrusions of flow-foliated, but unlayered, plagioclase cumulates (>82% modal plagioclase) that generally show no sign of internal differentiation [Taylor, 1964; Phinney, 1969 Phinney, , 1972c Davidson, 1972; Miller, 1986] . These rocks have most recently been interpreted as the result of shallow emplacement of crystal-rich mushes derived through mechanical enrichment of buoyant plagioclase crystals fractionating from evolved basaltic magmas in deeper crustal staging chambers [Miller and Weiblen, 1990] . Anorthositic series rocks are locally intruded by and occur as inclusions within troctolitic to olivine-gabbroic cumulates and associated differentiates, collectively termed the troctolitic series. These laminated and commonly layered rock types typically occur throughout the complex in discrete, sheetlike to saucer-shaped intrusions which display stratiform internal structure and cryptic layering indicative of differentiation by crystal fractionation.
The recognition of these two separate rock series has led to a general belief that most mafic rocks throughout the Duluth Complex formed in two temporally and petrogenetically distinct stages involving multiple intrusive events [Weiblen and Morey, 1980; Miller and Weiblen, 1990] . In addition, an apparent truncation of aeromagnetic patterns related to the southeast dipping layering in troctolite/gabbro bodies along the unexposed western margin of the Duluth Complex (Figure 3) led Miller et al. [ 1990a] to speculate that troctolitic series intrusions young from north to south as well as upsections with time, as a result of successive intrusive overplating.
Many intrusions have also been emplaced into medial stratigraphic levels within the Keweenawan lava pile, typically as diabasic to gabbroic dikes, sills, and sheets Jerde, 1991] . Detailed mapping of an area with the greatest concentration of these hypabyssal intrusions, col- lectively termed the Beaver Bay Complex, reveals at least five distinct intrusive events which produced rock types ranging from dunite to granophyre [Miller, 1989] . Because areas of extensive glacial cover and incomplete geologic mapping separate the Beaver Bay intrusions from the deeper plutonic rocks of the Duluth Complex, the temporal and magmi•tic relationship between the two complexes is unknown.
The c primary objective of the present study is to date individual mafic intrusions using high-precision U-Pb techniques in an attempt to determine the temporal range of mafic intrusive activity. In addition to providing dates to assist in correlating intrusive and extrusive activity within this portion of the rift, samples chosen for dating have been selected to span the temporal and spatial range of plutonism.
Major ge0chronological hypotheses to be tested by these samples are (1) whether plutonic bodies are coeval with the exposed volcanic rocks, (2) whether a resolvable age differeqfe exists between previously hypothesized intrusive events (e.g., early gabbroic, intermediate anorthositic, and later troctolitic activity), (3) whether intrusions show a tendency to become young toward the south, and (4) whether significant age differences exist between the hypabyssal dikes and sills versus the deeper plutonic bodies. [Taylor, 1964] are from the southern limit of the complex. In order to compare the timing and duration of Duluth Complex magmatism to that of hypabyssal intrusive activity, two gabbro samples were collected to represent the oldest (gabbro at Lax Lake, LLG3) and youngest (gabbro at Silver Bay, SBG2) phases of the Beaver Bay Complex [Miller, 1989] . However, the small, inclusion-fiddled zircons from the Lax Lake gabbro did not yield a well-constrained age. Therefore a layered plutonic body exhibiting intermediate age relationships within the hypabyssal sequence, the Sonju Lake intrusion (SLIt)• was also sampled. Tables 2 and 3 analysis. Weighted-average 2ø6pb*/238U ages yield a date of 1099.9 _+ 1.1 Ma, whereas 2ø7pb*/2ø6pb* ages yield a weighted average of 1099.0 _+ 0.6 Ma. The difference between these two ages suggests a slight reverse discordance of about 0.1%, but this discordance is well within the error of the mixed-spike calibration (external variance of replicate calibration analyses of 0.6% for both 2øspb and 235U). Scatter associated with 2ø7pb*/2ø6pb* ages is minimal (Figure 6a, inset) , resulting in a MSWD of 0.17 (95% probability of fit based on assigned analytical uncertainties). 
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AS3 (Duluth area). Results from six fractions also cluster tightly about concordia (Figure 6b
)
DISCUSSION
Frequency and Focus of Intrusive Activity
The ages presented above collectively span a period of 10-12 m.y. However, to the degree that the seven rock units dated in this study accurately represent the spatial, temporal, and compositional range of intrusive activity in this part of the rift, the present data imply that intrusive activity was episodic and took place in at least two, and possibly three, distinct stages. In addition, the focus of activity varied spatially between the earliest and later stages. The age determined for NLS5 confirms previous interpretations, based on field, paleomagnetic, and petrologic relationships, 
Petrogenesis of Anorthositic and Troctolitic Series Rocks
The most surprising petrologic implication from the ages presented in this study is that the anorthositic-series and the troctolitic series plutons formed during the same magmatic episode. It is likely that this episode had a duration of only about 500-600 kyr. This small range of ages requires a reevaluation of what has become a fundamental petrogenetic paradigm for the Duluth Complex magmatism since Taylor [1964] first defined the two series; namely, that the two major rock series have different parent magma compositions, styles of emplacement, histories of crystallization, and ages. Two-stage petrogenetic models which have been developed [Weiblen and Morey, 1980; Miller and Weiblen, 1990 ] to explain the dichotomous magmatism implicit to this twotiered series classification have served to further embellish the paradigm. In the earlier model the two series were thought to have been derived from distinct parent magmas corresponding to evolved, high-Ti quartz tholeiite basalt, common to older rift volcanics (anorthositic series), and high-A1 olivine tholeiite basalt, dominant in the younger volcanics (troctolitic series). In the more recent model the generation of early anorthositic and late troctolitic magmas has been attributed to different magmatic processes linked to different stages of rift development acting upon a common primary magma. Given the indistinguishable ages of the two series, compared to the 22-m.y. period of rift-related magmatism, it is clear that the compositional differences among Duluth Complex rocks cannot be attributed to the overall evolution of the rift.
Despite the statistically identical ages of the two series, estimates of crystallization rates still permit both series to have formed in distinct intrusive events, as most field observations suggest. At Duluth the complex consists of a 5-km-thick sheet tilted 10ø-25 ø to the east. The lower 4 km are composed of layered and differentiated troctolitic series rocks which underlie a cap of structurally complex anorthositic rocks [Taylor, 1964] . Assuming that a 1-km-thick anorthositic series was emplaced as a crystal mush laden with as much as 60% plagioclase crystals [Miller and Weiblen, 1990] , it would have cooled by simple conduction to a near solidus temperature of about 950øC in less than 10 kyr [Jaeger, 1957] . Crystallization by gravitational accumulation at the floor of a 4-km-thick convecting magma chamber emplaced beneath an anorthositic and volcanic cap would have taken 50-200 kyr [Irvine, 1970] , assuming a volcanic cover of at least 2 km. These estimates clearly fall within the window of analytical uncertainty determined for samples AS3 and D1 (Table 4) . Although the anorthositic rocks may have formed earlier, with a distinctive style of emplacement relative to most stratiform troctolitic/gabbroic rocks, the ages reported here suggest that the petrogenesis of these rock series is more complex and interrelated than previously modeled. Moreover, the new dates offer support for other field observations which have tended to be overlooked or dismissed as minor complications to the general two-series paradigm [Miller, 1992] . These observations imply that the processes which created plagioclase crystal mushes as well as crystal-poor magmas from the same high-A1 olivine tholeiite parental magma [Miller and Weiblen, 1990 ] operated within very close spatial and temporal proximity. A detailed examination of the possible magmatic processes is beyond the scope of this paper; however, the ages reported here demonstrate the need to more closely evaluate the petrogenetic relationships between these two major rock types within the Duluth Complex which constitute such a large and widespread magmatic event. Further detailed studies using combined Sr, Nd, and Pb isotopic systematics should provide constraints on the degree to which the two rock suites are related.
Paleomagnetism
The geochronological results from the Duluth Complex have implications for the paleomagnetic record preserved in the Keweenawan section, which, in turn, is used as an important reference for both local and regional stratigraphic and paleomagnetic studies. Although the high degree of analytical precision and uniformity of crystallization ages for multiple Duluth Complex samples indicate a well-defined intrusive episode at 1099 Ma, an estimate for the age of the magnetic polarity reversal is less certain. Currently, the maximum age estimate of the major reversal is given by two dates on reverse-polarity rocks from widely spaced samples determined in separate labs' 1097.6 +_ 3,7 Ma for a rhyolite porphyry that occurs stratigraphically just below the polarity switch within a sequence of Osier Group flood basalts (OVG, Figure 1 Figure 1) ; however, this date represents a minimum age of reversal, since the base of the normal-magnetic polarity Portage Lake Volcanics sequence is not exposed. Unpublished dates for other normal-magnetic polarity volcanics in Minnesota also fall between 1096 and 1098 Ma (D. W. Davis, personal communication, 1993). Therefore the best estimate of the age of the major reverse-to-normal paleomagnetic reversal presently appears to be about 1098 Ma, albeit with a relatively large  associated error (i.e., 2-3 m.y.) .
The 1099 Ma crystallization ages for anorthositic and troctolitic series rocks, which consistently display normally polarized natural remnant magnetism [Beck, 1970; Chandler, 1990 ], appear to be at odds with the 1098 Ma estimated age for the major reverse-to-normal paleomagnetic reversal. A possible explanation for this inconsistency is that although Duluth Complex intrusions crystallized during a period of reversed polarity, they cooled past their Curie temperatures after the magnetic field reversal. Simple conductive cooling models [Jaeger, 1957] 1% uncertainty (+-0.3-1 m.y.) . This precision, along with the deep level of exposure present in the western Lake Superior region, allows a remarkable opportunity to integrate plutonic and volcanic events and to provide tight temporal control for developing models of magmatic processes within a four-dimensional framework of continental rift evolution. LLG3. Latitude 91ø19'49.2 ", longitude 47o21'52.2 ". Bulk sample consisted of a medium coarse grained, decussate, intergranular gabbro with substantial granophyric mesostasis from the Lax Lake gabbro, one of the earliest intrusions forming the hypabyssal, multiple-intrusive Beaver Bay Complex [Miller, 1989] . Although this sample contained the highest whole rock Zr concentrations of any of the analyzed rocks (about 430 ppm), it yielded only a small amount of zircon. Typically stubby prisms to equant grains, these zircons are much smaller (<0.2 mm long), darker, and more inclusion-filled than zircons from Duluth Complex mafic intrusions. Owing to their small grain size, zircons were not abraded, and all five analyzed fractions required multiple grains (3-13) in order to obtain ion beams of adequate size. SLI1. Latitude 91ø13'03.5 ", longitude 47o28'20.9 ". Bulk sample consisted of a well-laminated, intergranular, apatite ferrodiorite representing the uppermost cumulate unit in the exceptionally strongly differentiated Sonju Lake intrusion [Miller et al., 1990b] . This sample contained no zircons but did yield a very small amount of fine-grained (<0.05 mm), dark brown, tabular to prismatic baddeleyite grains. $BG2. Latitude 91ø14'42.8 ", longitude 47ø18'17.6 ". Bulk sample consisted of a coarse-grained, intergranular granophyric ferrogabbro which composes the marginal zone of one of several small intrusions representing the last phase of Beaver Bay Complex magmatism, collectively termed the Silver Bay intrusions [Miller, 1989] . Although this sample had 190 ppm whole rock Zr contents which were higher than the Duluth Complex rocks analyzed, it yielded a smaller abundance of zircon along with a minor amount of striated, tabular prisms of dark brown baddeleyite.
Earliest activity in the Duluth
